Abstract. High-strength, low-alloy (HSLA) steels are widely used in the automotive and oil industries due to their good mechanical properties and weldability. The selection of the welding process depends on several factors, including the quality of the weld bead and the production capacity. The knowledge of the mechanical performance of the welded joint is essential to ensure structural reliability. In the present work, butt joints were produced from 5 mm thick plates of a microalloyed HSLA steel by flash welding and by laser welding processes, the latter using two different heat input conditions. The microsctructure and hardness of the weld beads were evaluated. The fracture toughness of the welded joints was assessed by means of CTOD tests. The higher heat input laser welded joint presented critical CTOD comparable to that of the flash welded joint, whereas the lower heat input martensitic-bainitic laser welded joint tended to a brittle behavior.
Introduction
High-strength low-alloy (HSLA) constitute and important category of steels, being increasingly employed in the production of automotive parts due to their high yield and ultimate strengths, chemical resistance, weldability and formability. HSLA steels have low or medium carbon content and small additions of alloy elements such as Mn, Nb, Mo, V and Ti, which are added mainly to control the austenitic grain size, to retard the austenite recrystallization and to promote precipitation hardening [1] . The selection of the welding process for the manufacture of components such as automotive wheels depends on several factors, including the quality of the weld bead and the production capacity. The performance of the welded joint is affected by metallurgical changes, different mechanical properties in the regions of the weld bead, discontinuities, residual stresses and complex stress states related to the joint geometry [2, 3] .
Flash welding (FW) has long been used in the production of low carbon steel wheel rims. In this welding technique, the parts to be joined are pressed against each other by means of nonconsumable electrodes. The contact occurs at discrete points, by which the electric current is established, causing the flash [2] . At the end of the process, a compressive load is applied and plastically deforms the joint material, allowing the impurities to be removed as burr [4, 5] . FW fulfilled the demand of automobile manufacturers for process speed and high volume scenario during many years, but due to increasingly demands for productivity, other methods are gaining popularity in the industry.
The laser beam welding (LBW) of HSLA steels is of considerable interest as it permits the obtaining of joints with low overall heat input, low distortion, high welding speeds, small heat affected zones, deep penetration, the potential for automation and the inherent flexibility of the laser system [6, 7] . In this process, when an intense laser beam is focused on the workpiece, the material under the beam evaporates and generates a cavity, called keyhole. What maintains the keyhole is the equilibrium between the vapor pressure, which acts to open it, and the metalostatic pressure, which tends to close it [8, 9] . LBW is conducted without metal addition and needs a protection atmosphere for the weld bead, usually inert gases such as argon and helium [10] .
During solidification, the melting zone of HSLA steels initially transforms into ferrite, and may suffer peritetic reaction with the formation of austenite. Upon cooling, austenite decomposition occurs and therefore a variety of microstructures are obtained depending on the deformation temperature, cooling rate and the chemical composition [11, 12] . The complexity of the welded joint microstructures is eventually related to embrittlement [2, 13] . The present work aims to evaluate the microstructure and fracture toughness of FW and LBW butt joints of a microalloyed HSLA steel, recently developed by a Brazilian steel maker to stand for the current SAE 1010 low carbon steel in wheel rims for trucks and busses.
Experimental Work
The chemical composition of the steel plate used in this work is (wt. pct.): 0.085 C, 1.169 Mn, 0.017 P, 0.053 SI, 0.005 S, 0.013 Cr, 0.026 Al and 0.045 others (Ni, V, Ti, Mo, Cu, Sn, B and N). The butt joints made of 5 mm thick blanks were produced by flash welding (FW) and laser beam welding (LBW). FW was conducted in the wheels production line at IOCHPE-MAXION (Brazil), using a HESS WO 4158 machine. The LBW was performed at the Institute for Advanced Studies (IEAv/DCTA, Brazil), using the high power fiber laser from IPG Photonics, model YLR-2000. The welding parameters for the two adopted conditions were: 2 kW beam power, helium protection at the melting region, focus on the surface and 3° incidence angle. The varied parameters were the welding speed and the number of passes, resulting in two welding conditions, referred as high (H) and low (L) heat input. With LBW-H condition (200 J/mm), the steel pieces were joined with a speed of 8 mm/s and one welding pass; with LBW-L condition (53 J/mm each pass), the welding speed was 30 mm/s and two welding passes were done, the second one in the weld root.
Cross-section samples of the welded joints were polished, etched (10% nital) and observed under light microscope in order to reveal their microstructures, which were compared to that of the base metal. Micro-indentation Vickers hardness measurements were performed with a load of 200 gf during 30 s. Tensile tests were performed using sub-size specimens, with the weld bead positioned at the center of the gauge area and perpendicular to the loading direction. Fracture toughness tests, conducted at room temperature in laboratory air, were performed according to ASTM E1290-11 standard test method using a MTS 810.23M servo-hydraulic system. The specimens were cut in the SE(B) shape for three-point bend loading with a span of 48 mm. The fatigue pre-cracking of the specimens was performed under force control with load ratio of 0.1, frequency of 10 Hz and sinusoidal waveform. The specimens were then monotonically loaded with a displacement rate of 0.5 mm/min and CTOD was assessed. After slow stable crack extension, the specimens were immersed in liquid nitrogen and broken in brittle manner. The crack length measurements were performed at nine equally spaced points across the specimen thickness with accuracy of 0.01 mm.
Results and Discussion
Microstructural Analysis. Representative micrographs of the base metal and FW, LBW-H and LBW-L welding conditions are given in Fig. 1 (a) to (d) , respectively. In Fig. 1(a) it is shown that the steel plate, submitted to controlled rolling, presents basically equiaxial refined ferrite grains and elongated pearlite colonies. Since the base metal is the same, and both welding processes are performed without metal addition, the microstructures of the weld beads are affected mainly by the heat input and cooling rate. The heat input of LBW is one order of magnitude lower than those found in the electric arc processes, like FW. The latter resulted in a coarse microstructure, composed mainly by primary ferrite, grain boundary ferrite, acicular ferrite and Widmanstätten ferrite, as shown in Fig. 1(b) . The same microconstituents, although in more refined fashion, are present in LBW-H weld bead, see Fig. 1(c) . Lastly, microstructure resulting from LBW-L, Fig. 1(d) , is composed mainly of martensite and bainite. As a result of the high welding speed, this condition of low heat input resulted in a thin (1.0 mm) weld bead; on the other hand, LBW-H condition was adopted in order to obtain total penetration with only one pass. Besides, unlike both LBW conditions, the FW joint had a noticeable refined heat affected zone (not shown in micrograph). Hardness measurements and tensile tests. The LBW-L weld bead presented higher hardness (average value 382 HV), due to the presence of bainite and martensite in its microstructure. The average hardne ss numbers of LBW-H and FW joints were, respectively, 249 HV and 200 HV. These are also higher than the base metal hardness, 190 HV. For all of the welding conditions, the tensile testpieces fractured in the base metal region, indicating that the weld beads have higher tensile strength than the base metal. In other words, the tensile tests for all of the welding conditions reflected the properties of the base metal, which are: σ ys = 459 MPa, σ u = 541 MPa and ∆L = 32%. CTOD Fracture Toughness. Table 1 presents the critical CTOD values (average and standard deviation) corresponding to cracks nucleated in the centerline of the weld beads. Representative surfaces of the fractured testpieces are shown in Fig. 2 . 
Conclusion
Laser beam welding (LBW) with higher heat input was able to produce single pass butt joint in a microalloyed HSLA steel plate, with refined microstructure and resistance to fracture comparable to that presented by the conventional FW process. The low heat input LBW joint, despite its higher welding speed, was done in two passes and resulted in low CTOD martensitic-bainitic weld bead.
